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Glutamate mutase from Clostridium cochlearium: the structure
of a coenzyme B12-dependent enzyme provides new 
mechanistic insights
R Reitzer1, K Gruber1, G Jogl1, UG Wagner1, H Bothe2, W Buckel2
and C Kratky1*
Background: Glutamate mutase (Glm) equilibrates (S)-glutamate with 
(2S,3S)-3-methylaspartate. Catalysis proceeds with the homolytic cleavage of
the organometallic bond of the cofactor to yield a 5′-desoxyadenosyl radical.
This radical then abstracts a hydrogen atom from the protein-bound substrate
to initiate the rearrangement reaction. Glm from Clostridium cochlearium is a
heterotetrameric molecule consisting of two σ and two ε polypeptide chains. 
Results: We have determined the crystal structures of inactive recombinant Glm
reconstituted with either cyanocobalamin or methylcobalamin. The molecule
shows close similarity to the structure of methylmalonyl CoA mutase (MCM),
despite poor sequence similarity between its catalytic ε subunit and the
corresponding TIM-barrel domain of MCM. Each of the two independent B12
cofactor molecules is associated with a substrate-binding site, which was found
to be occupied by a (2S,3S)-tartrate ion. A 1:1 mixture of cofactors with cobalt in
oxidation states II and III was observed in both crystal structures of inactive Glm. 
Conclusions: The long axial cobalt–nitrogen bond first observed in the structure
of MCM appears to result from a contribution of the species without upper ligand.
The tight binding of the tartrate ion conforms to the requirements of tight control of
the reactive intermediates and suggests how the enzyme might use the substrate-
binding energy to initiate cleavage of the cobalt–carbon bond. The cofactor does
not appear to have a participating role during the radical rearrangement reaction.
Introduction
Interest in the biochemistry of B12 cofactors (Figure 1)
derives from their chemical complexity, which includes
one of the very few organometallic bonds known in
biology. Enzymes that employ these cofactors exploit the
inherent weakness of this Co–C bond, the cleavage of
which via one of two possible mechanisms (homolysis or
heterolysis) is utilized to catalyze a set of otherwise
chemically ‘difficult’ reactions [1]. 
Adenosylcobalamin (AdoCbl) dependent enzymes, such as
methylmalonyl CoA mutase (MCM) and glutamate mutase
(Glm), are known to act via homolysis of the Co–C bond,
leading to the formation of a 5′-desoxyadenosyl radical [2].
The way the apoenzyme mediates and assists this key step
in the catalytic cycle has been a long-standing question in
B12 research. Another key question concerns the way in
which the enzyme controls the reactivity of the ‘substrate-
derived’ radical [3] formed by abstraction of a hydrogen
atom from the substrate by the adenosyl radical [4]. 
Although isolated B12 cofactors are structurally well char-
acterized, both in solution and in the solid state [5,6],
three-dimensional (3D) structural information on enzymes
with a B12 cofactor is less abundant [7–9], and as yet con-
fined to the B12-binding domain of methionine synthase
[10], the complete structure of MCM [11,12] and the (B12-
deficient) MutS subunit of Glm from Clostridium tetanomor-
phum [13]. The two structures with a protein-bound B12
show the cofactor in a ‘DMB-off’ constitution,  where the
dimethylbenzimidazole base (DMB) intramolecularly coor-
dinated to the central cobalt atom of the B12 cofactor is
replaced by a specific histidine residue of the protein. 
Recently, structural data from substrate-free MCM [12]
and their comparison with the previously determined
structure of MCM in the presence of a substrate analogue
[11] indicated that substrate binding is accompanied by a
major conformational change of the protein, which was
suggested to displace the adenosyl group from its cobalt
coordination and thereby initiate the radical reaction cycle. 
Glm from Clostridium cochlearium equilibrates (S)-glutamate
with (2S,3S)-3-methylaspartate [14,15] (Figure 1). The
enzyme has been characterized as a stable heterotetramer
ε2σ2 of molecular mass 136 kDa, containing one cobamide
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molecule [16,17]. While the cofactor of the enzyme from 
the related organism C. tetanomorphum has been ident-
ified as pseudo-coenzyme B12 (Co-β-adenosyl-7-adeninyl-
cobamide [18]), a mixture of pseudo-vitamin B12 and factor
A (Co-β-cyano-2-methyl-adeninylcobamide) has been iso-
lated from a cyanolysate of C. cochlearium; however, the
enzyme also shows high activity with coenzyme B12 as
cofactor [19]. It has been demonstrated that the conserved
His16 residue of the σ peptide, rather than DMB, is coordi-
nated to the cobalt in the active complex [20]. The genes
glmE and glmS coding for the polypeptides ε and σ,
respectively, were cloned and over-expressed separately in
Escherichia coli. The two peptides show close similarity to
the corresponding peptides MutE and MutS from
C. tetanomorphum (90% identity between ε and MutE; 82%
identity between σ and MutS). Upon purification, poly-
peptide σ (molecular weight = 14.7 kDa) is obtained as a
monomer (termed component S), whereas the other
polypeptide forms a dimer (ε2, molecular weight = 107 kDa)
and was called component E [17,20,21]. In the presence of
adenosylcobalamin, the two components readily recombine
to form active Glm. Component S shows sequence similar-
ity to the B12-binding domain of methionine synthase and
MCM; this similarity was first shown for the related Glm
from C. tetanomorphum [22]. This provided strong evidence
that the B12 cofactor binds to component S.
Following the crystallization of recombinant inactive holo
Glm [23], we now report results of crystal structure analy-
ses of Glm reconstituted with cyanocobalamin (Glm-CN)
to 1.6 Å resolution, and with methylcobalamin (Glm-Me)
to 2.0 Å. The mechanistic implications of these structures
will be discussed. 
Results
Structure determination
Phases for the Glm-CN structure were obtained by multiple
isomorphous replacement (one gold and one mercury deriv-
ative), which was facilitated by multiple anomalous disper-
sion (MAD) data collected for each derivative (Table 1).
The structure was refined against native diffraction data
extending to 1.6 Å resolution, resulting in a crystallographic
model of excellent quality compared with previously
reported crystal structures of B12-binding proteins [10–12].
Figure 2 shows representative sections of a final density
map for the cofactor and the enzyme-bound tartrate ion. 
Following the structural analysis of Glm-CN, we crystal-
lized the corresponding derivative obtained by reconsti-
tution with methylcobalamin (MeCbl; Figure 1a).
Although this still resulted in an inactive enzyme, the
organo-B12 cofactor should resemble the biologically
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Figure 1
Chemical structures of the B12 cofactor and proposed reaction
intermediates. (a) The chemical constitution of several B12 derivatives,
as observed for the free cofactor. X = CH3– for methylcobalamin
(MeCbl), X = 5′-desoxyadenosyl– for adenosylcobalamin (AdoCbl),
X = CN– for cyanocobalamin (CNCbl; vitamin B12) and X = e– for
cob(II)alamin, the reduced homolysis product of organocobalamins.
Upon binding of B12 to Glm, the dashed bond is broken and a new
bond is formed between cobalt and the imidazole from residue His16
of the σ subunit. Note that the term ‘cobalamin’ refers to B12 molecules
with a dimethylbenzimidazole (DMB) base attached to the nucleotide
loop; B12 molecules with other nucleotide bases are called cobamides.
Thus, cyanocobalamin could also be named as Co-β-cyano-
dimethylbenzimidazolylcobamide. (b) Proposed sequence of reaction
steps catalyzed by Glm [1]. 
active adenosylcobamide more closely. Refinement of
this structure against diffraction data to 2.0 Å showed a
very similar overall structure to Glm-CN (root mean
square deviation [rmsd] for Cα atoms 0.15 Å).
Molecular architecture
The asymmetric unit of both structures contains one hetero-
tetrameric molecule of composition ε2σ2(B12)2tartrate2, with
residues 1–137 and 2001–2137 corresponding to the σ sub-
units and residues 1001–1483 and 3001–3483 to the ε sub-
units. (Note that residue numbers are derived  by adding 0
or 2000, to denote the two σ peptides, and by adding 1000 or
3000 to denote the two ε peptides.) Contrary to biochemical
data indicating an adenosylcobalamin content of about 0.5
mol/mol 50 kDa [16], the crystal structure shows each
heterodimer to contain a full methyl- or cyanocobalamin
molecule plus a tartrate ion, the latter in a location presumed
to be the active site. Figure 3 shows the topology of sec-
ondary structure elements of both subunits.
The σ peptide folds as an α/β domain with a β sheet
consisting of five parallel strands encased by six α helices.
This domain has the same topology and a very similar 3D
structure to the B12-binding domains of MCM from
Propionibacterium shermanii [11], methionine synthase from
E. coli [10] and the (B12-deficient) MutS subunit from the
C. tetanomorphum Glm [13]. 
The ε subunit consists of an (α/β)8-barrel (TIM barrel)
domain. As in MCM, one end of the TIM barrel packs
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Table 1
Summary of data collection and phasing parameters for Glm-CN.
Data set* Wavelength (Å) Resolution (Å) Reflections Completeness Rmerge† Phasing power‡ RCullis§
total/ unique (%) (%)
Native 0.9058 30.0–1.6 441,525/ 190,420 94.1 6.5 – –
Au_pi 1.0400 30.0–2.2 153,376/ 62,061 95.0 7.2 2.59 0.59
Au_pk 1.0399 30.0–2.2 112,055/ 49,137 87.9 6.8 2.59 0.59
Au_rm 0.8550 29.0–1.7 384,890/ 140,430 95.6 9.9 1.60 0.74
Hg_pi 1.0098 30.0–1.7 554,791/ 154,501 97.1 5.4 1.66 0.73
Hg_rm 0.8321 30.0–1.61 618,265/ 175,106 94.9 6.5 1.66 0.73
*The wavelengths for the derivative data sets were chosen as follows:
Au_pi, gold λIII half edge, the point of inflection; Au_pk, absorption
peak of the gold λIII edge; Au_rm, remote wavelength; Hg_pi, mercury
λIII half edge, the point of inflection; Hg_rm, remote wavelength. 
†Rmerge = ΣΣi(I – Ιi)2 / ΣΣi (Ii2). ‡Phasing power = Σn|FH|/Σn|E|, where
|FH| is the heavy-atom structure-factor amplitude and E is the lack of
closure (|FPH – FP| – |FH|). §RCullis = Σ|E| / ||FPH| – |FP||. The summation
is over acentric reflections.
Figure 2
Experimental electron density (cyan, 
σA-weighted 2Fo–Fc map contoured at 1.5σ;
green, σA-weighted Fo–Fc map contoured at
3.0σ) obtained for the crystal structure of Glm
from C. cochlearium. Density of (a) the B12
cofactor and (b) the tartrate observed in the
active site. Density above the corrin ring in
(c) Glm-CN and (d) Glm-Me (the upper ligand
was not included in the calculation of phases).
against the ‘upper’ face of the B12 cofactor, thus forming
the active-site cavity. The other end of the TIM barrel is
covered by helix α3, which stretches like a lid across the
top of the barrel. There is an extra C-terminal domain at
the side of the barrel, consisting of helices α18 and α19
and a two-stranded sheet (β10 and β11), the significance
of which is not obvious. 
The two heterodimers (Figure 4a) of Glm are related by a
noncrystallographic dyad. Deviations from the noncrystal-
lographic symmetry are small, with rmsds between
Cα atoms of 0.38 Å for the two σ subunits and 0.11 Å for
the two ε subunits. The two crystallographically unre-
lated ε subunits are connected via primarily hydrophobic
contacts involving helices α14 and α15, which form (with
their pseudo-symmetrically equivalent counterparts) a
hydrophobic cavity (Figure 5). Approximately 1400 Å2
surface area are buried on each of the two ε subunits upon
dimer formation. There are no direct contacts between
the two σ subunits within the same heterotetramer
(Figure 5), and the cobalt centres of the two B12 cofactors
are 42.5 Å apart. 
Binding of the B12 cofactor
In both structures, the binding of the B12 cofactor to the
σ subunit is similar to that observed in the structures of
MCM [11] and the B12-binding domain of methionine
synthase [10]. The DMB tail is observed in a ‘DMB-off’
constitution, with the DMB base deeply buried in a
hydrophobic pocket (residues Leu8, Ile23, Pro27, Leu59,
Val90, Gly91 and Tyr117) between the β sheet (strands β3
and β4) and the N- and C-terminal α helices of the
σ subunit. There are no direct hydrogen bonds between
the nucleotide loop and the protein: as shown in Figure 6,
all hydrogen bonds involve water molecules.
In its cobalt coordination, the DMB base has been
replaced by the imidazole of His16, which coordinates the
metal centre through Nε and forms a hydrogen bond to
Asp14 with Nδ. This pattern has been predicted on the
basis of sequence homology between several B12-depen-
dent enzymes [22]. Asp14 is involved in several hydrogen
bonds to mainchain amide NH groups and to a water mol-
ecule and appears to be rigidly locked in its position as
shown in Figure 4b. 
Cobalt coordination
The bond length between the cobalt atom and Nε of
His16 refined to values of 2.27 Å and 2.30 Å for the two
independent subunits of Glm-CN. During the refinement
of Glm-Me, the two crystallographically unrelated Co–Nε
distances were restrained to be equal and refined to a
value of 2.35 Å. The cobalt atom is displaced from the
mean plane of the corrin nitrogen atoms towards His16 by
0.06 Å (Glm-CN) and 0.07 Å (Glm-Me), respectively. As
the refined Co–Nax distance considerably exceeds the
expectation from crystal structures of isolated cofactors
[5], the refinement was continued with the axial Co–N
bond lengths restrained to 1.925 Å (the value observed in
the crystal structure of Co-β-cyano-imidazolylcobamide
[24]) in both unrelated molecules of Glm-CN. While this
restraint produced neither a distortion of the imidazole
ring (as reported for a similar refinement of the MCM
structure [11]) nor a detectable effect on the crystallo-
graphic residuals, a subsequent difference density clearly
showed a peak near Nδ of His16, indicating that this atom
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Figure 3
The topology of secondary structure elements
for subunits σ and ε of Glm. Note that residue
numbers in the text are derived from those
given here by adding 0 or 2000, to denote the
two σ peptides, and by adding 1000 or 3000,
to denote the two ε peptides. The positions of
the B12 cofactor and tartrate are shown in
yellow and green, respectively; helices are in
pink and β strands in blue.TAR
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Structure
has been displaced from its optimum position towards the
cobalt centre. Thus, the ‘long’ Co–N bond appears to be
crystallographically significant.
In Glm-CN, density interpretable as a cyano ligand could
be observed ‘above’ the cobalt. During the crystallo-
graphic refinement, however, the B factors for the two
atoms in question (CX1 and NX1) refined to values well
above (29 and 27 Å2 for CX1 and NX1 in both molecules)
those of the other cofactor atoms (average value 10.6 Å2).
Refinement of a common population parameter for the
two atoms after fixing the B factor to the average value of
the other B12 atoms led to apparent occupancies of 49%
and 54% in the two independent cofactor molecules. 
Interpretation of the upper ligand’s density for Glm-Me
was even more problematic: two peaks were observed in
difference maps, one ~2 Å and the other ~3 Å ‘above’ the
cobalt atom. Again, the B factor of a (carbon) atom posi-
tioned at either of these peaks refined to values that were
about three times higher than the mean B factor for the B12
moiety. In the final structure, the density above the cobalt
atom has been modelled by two carbon atoms with a fixed
B factor of 11.1 Å2. The occupancies and the distances to
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Figure 4
Stereoscopic views of the Glm crystal
structure. (a) Cα trace of the εσ heterodimer
with a bound cyanocobalamin cofactor and
tartrate ion. Subunit ε is drawn in green, σ in
blue, B12 in cyan and tartrate in magenta.
(b) The hydrogen-bonding network involving
the cobalt-coordinated His16. All distances
(drawn as dashed lines) from the carboxylate
of Asp14 are shorter than 3 Å in both Glm
structures. Atoms are shown in standard
colours and a water molecule is depicted as a
red sphere. (c) The tartrate molecule and its
interactions with protein sidechains and the
B12 cofactor. 
the cobalt atom were restrained to be equal in both sub-
units. As a result of the refinement, the first carbon ended
up 2.0 Å above the cobalt with an occupancy of ~66%, the
second one at a distance of 3.4 Å with an occupancy of 37%.
Binding of tartaric acid
Racemic tartaric acid was used as buffer constituent (in
100 mM concentration) for the crystallization of Glm.
Density (see Figure 2b) interpretable as a tartrate mol-
ecule of (2S,3S)-configuration was observed in a location
that is very likely to be the substrate-binding site. The tar-
trate molecule is tightly bound to the active site through
an intricate hydrogen-bonding network involving residues
Gly1171, Tyr1177, Arg1100, Tyr1181, Arg1149, Arg1066,
Arg1149 and Thr1094.
Discussion
Comparison with the structure of MCM
While Glm consists of two identical functional halves, the
P. shermanii MCM contains two different but homologous
subunits (called α and β), of which only the α subunit
carries a cofactor. Human MCM is a homodimer with two
identical halves, however [25].
In spite of poor sequence similarity, the 3D structures of
Glm and MCM are clearly related. Although the σ peptide
exhibits 32% sequence identity to the B12-binding domain
of MCM, there is little sequence similarity (18% for the
first 440 residues) between the ε subunit of Glm and the
TIM-barrel domain of MCM. Yet, the 3D structures of
both parts of the molecule are remarkably similar
(Figure 7). Thus, the Cα atoms of the σ peptide of Glm
superimpose on the B12-binding domain of MCM with an
rmsd of 1.5 Å and the 246 atoms of the β barrel show an
rmsd of 2.0 Å. However, the relative orientations of the ε
and σ subunits in Glm differ somewhat from the arrange-
ment of the two MCM domains: when superimposing σ of
Glm with the B12-binding domain of MCM, the ε subunit
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Figure 5
Ribbon representation of the ε2σ2(B12)2tartrate2 heterotetramer of Glm,
viewed down the noncrystallographic dyad. The two ε subunits are
coloured in red and green and the two σ subunits are in yellow and
blue. The B12 cofactors are in cyan and the tartrate ions in magenta. 
Figure 6
Interactions between (a) the B12 cofactor and (b) the tartrate inhibitor
molecule and the protein sidechains or water molecules in the crystal
structure of Glm-CN. Residue numbers below 1000 correspond to
subunit σ, numbers above 1000 denote subunit ε. Bond distances are
given in Ångstroms; both figures show average values between the
two crystallographically independent halves whenever the two
quantities agree within 0.1 Å, otherwise, both values are given. 
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would have to be translated by 3.3 Å and rotated by 17.2°
to fit to the TIM-barrel domain of MCM. The interface
between the two ε subunits in Glm (Figure 5) looks strik-
ingly similar to the interface between the α and β chains
of MCM (see Figure 3 in [11]). 
A notable difference between Glm and the α subunit of
MCM concerns the centre of the TIM barrel: in MCM, it
is filled by the pantotheine chain of the (partial) substrate
and appears to provide a connection between the active
site and the protein exterior [11]. This contrasts with the ε
subunit of Glm, where several salt bridges and hydrogen
bonds involving polar residues not present in the MCM
structure stretch across the tunnel through the centre of
the barrel (Figure 7c). As in MCM, the centre of the barrel
is polar, in contrast to most other TIM barrels, the tunnels
of which are typically lined by hydrophobic residues.
Cobalt coordination and oxidation state 
The bond between the cobalt atom and the nitrogen atom
of the lower axial ligand (Nε2 of His16) is longer (2.28 Å
for Glm-CN and 2.35 Å for Glm-Me) than expected on the
basis of data from isolated B12 cofactors. A Co–Nax distance
of 1.93 Å was observed in the crystal structure of Co-β-
cyano-imidazolylcobamide [24], and a value of ~2.1 Å can
be expected for the corresponding methyl derivative [5]. 
In fact, an even longer Co–Nax bond of 2.53 Å has been
reported for the MCM crystal structure. The long bond
was suggested to put the cobalt into a strained state,
favouring the formation of the adenosyl radical [11]. While
the MCM structure analysis was hampered by accidental
homolysis of the B12 cofactor, which resulted in a mixture
of Co(II) and alkyl-Co(III) species, a long axial Co–N
bond for MCM reconstituted with AdoCbl was also
deduced from extended X-ray absorption fine structure
(EXAFS) data [26].
Apparently, our Glm crystals suffered from a similar con-
stitutional disorder of the B12 cofactor. The disorder mani-
fests itself in a large B factor for the upper (cyano or
methyl) ligands or — depending on the mode of refine-
ment — in less than 100% occupancy. This is particularly
distressing, because inactive cofactors were chosen for
reconstitution in order to avoid partial homolysis of the
‘labile’ bond between cobalt and the 5′-desoxyadenosyl
ligand of coenzyme B12. 
As in MCM [11], the most likely candidate for the second
component in the Glm-CN and Glm-Me crystals is a
reduced B12 cofactor (probably cob(II)alamin), which may
accidentally have been produced by partial chemical reduc-
tion (Glm-CN), photolysis (Glm-Me) or radiation damage
during the X-ray diffraction experiment. In line with this
interpretation is the observation of an out-of-plane devia-
tion (by 0.06–0.07 Å) of the cobalt atom from the corrin ring
plane towards the lower axial ligand. Such a deviation was
observed in the crystal structure of cob(II)alamin [27],
where it amounted to ~0.15 Å. It is plausible that our crys-
tals contained ~50% cofactor in the (cyano- or methyl-)
Co(III) state and 50% in a reduced state.
It is interesting to compare the axial Co–N distances from
the two Glm structures with the data from MCM, where a
Co–Nax distance of 2.53 Å and an out-of-plane deviation of
0.11 Å emerged from a very thorough refinement and no
upper ligand was visible. This led to the conclusion that
the cofactor contained predominantly reduced Co(II) [11].
The Co–Nax distances observed in the Glm structures
(2.28 and 2.35 Å) might consequently be the average of a
very long distance from the pentacoordinated Co(II) com-
ponent (above 2.5 Å) and a correspondingly shorter dis-
tance from the hexacoordinated Co(III) cofactor. This
leads to the conclusion that the protein-bound B12 cofactor
in the Co(III) oxidation state has a Co–N bond to the
lower ligand that is not much longer (if at all) than that
deduced from crystallography of cobalamins or cobamides.
Recent EXAFS experiments performed in our laboratory
have led to a similar conclusion (F Champloy et al., & CK,
unpublished observation). 
The substrate-binding site
Exchange of the amine and methyl groups of (2S,3S)-3-
methylaspartate to hydroxyl groups yields the (2S,3S)-tar-
taric acid, which is the enantiomer observed within the
active site of Glm. The observed protein–inhibitor inter-
actions therefore closely mimic the interaction between
Glm and its substrate. The tartrate ion is fixed by an intri-
cate network of hydrogen bonds, as shown in Figures 4c
and 6b. Most notably, three arginine residues interact with
the carboxylate groups of the ligand. Two of the guani-
dinium groups are bound to the 1-carboxylate in an almost
symmetrical manner resulting in a Y-shaped structure. A
search covering all complex structures with a resolution
better than 2.5 Å revealed only four other examples of this
bifurcated salt-bridge interaction (PDB codes 1VLT [28],
1CP3 [29], 1CHM [30] and 1AOM [31]). On the other
hand, the interaction of the second carboxylate with
Arg1100 is of a more common type, observed, for example,
in chorismate mutase inhibitor complexes [32–34]. 
At high pH, tartrate shows only weak inhibition of Glm.
Thus, at pH 8.3 both L(+) and D(–) tartrate inhibit with a
Ki > 10 mM, which has to be compared to a Km for L-gluta-
mate of 1.5 mM [16]. Inspection of Figure 4c reveals that
the observed inhibitor binding also involves an interaction
between one of the carboxylates of the tartrate and
residue Glu1171. The binding of tartrate thus probably
requires Glu1171 to be protonated, which would mandate
a low pH. This could explain the lack of inhibition by tar-
trate at ~pH8 and the observation of a protein-bound tar-
trate at pH 4.6 (the pH at which Glm was crystallized).
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Accessibility of the active site
The B12- and tartrate-binding region is connected to the
outside via three solvent-filled channels. Two of them
follow the interface between subunits ε and σ, as shown in
Figure 8. One channel (channel 1) connects the tartrate-
binding site with the outside via the edge of the corrin ring:
it runs approximately parallel to the ring B propionamide
sidechain. The second channel (channel 2) is at the oppo-
site (‘western’) side of the corrin ring and follows approxi-
mately the nucleotide loop. Channel 3 (not shown in
Figure 8) is roughly perpendicular to channels 1 and 2 (into
the picture of Figure 8) and connects the volume above the
corrin ring with the protein exterior starting above the
methine group connecting rings A and B. This channel also
exists in the MCM structure, where it is occupied by the
adenosyl group in the substrate-free conformation [12]. 
It is hard to see how — in the presence of an adenosyl group
occupying the volume above the cobalt centre — a substrate
molecule could utilize channels 2 or 3 to reach its binding
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Figure 7
Stereoview superposition of the Cα traces of
(a) the B12-binding domain of MCM
(magenta) with the σ subunit of Glm (blue)
and (b) the substrate-binding domain of MCM
with the ε subunit of Glm. (c) Stereoview
down the central hole of the TIM barrel in the
Glm crystal structure. The figure illustrates the
salt bridges and hydrogen bonds (dashed
lines) across the centre of the barrel. 
location from the outside, even permitting for some confor-
mational adjustment of the protein. A slight relative move-
ment of subunits ε and σ, however, could widen channel 1
and form an access tunnel for the substrate or product. A
completely different substrate access route has been sug-
gested for MCM: although the active site is also completely
occluded from solvent in the substrate-bound state [11], the
substrate-free conformation has the TIM barrel split apart,
which exposes the active site to solvent [12]. With the
present experimental evidence, it is difficult to judge
whether such a conformational change could also occur for
the substrate-free Glm structure. Several hydrogen bonds
and salt bridges stretch across the centre of the barrel (see
Figure 7c), which would have to be broken in addition to
the hydrogen bonds connecting the β strands of the barrel. 
Implications for catalysis
Key events in the catalytic cycle of Glm are the homolysis
of the Co–C bond to yield a reduced cofactor and a 5′-des-
oxyadenosyl radical, which abstracts a hydrogen atom from
a substrate molecule to generate a ‘substrate-derived’
radical. Rearrangement of the latter yields a ‘product-
related’ radical, that retrieves a hydrogen atom from the
methyl group of 5′-desoxyadenosine yielding the product
and regenerating the 5′-desoxyadenosyl radical, which can
then recombine with the reduced cofactor (Figure 1b). 
Hypotheses about the homolysis of the cofactor’s
organometallic bond would require knowledge of the con-
formation of adenosylcobalamin when bound to the
protein, about which we can only speculate. In fact, the
volume above the corrin ring is quite limited, and pre-
cludes a conformation as observed in the crystal structure
of AdoCbl [35] with the adenine roughly above ring C of
the corrin (Figure 1a). A different conformation, with the
adenine approximately above ring D, has been observed in
the crystal structure of (adeninylpropyl)cobalamin [36],
but we see no way this could be accommodated. It appears
that the most plausible conformation of the adenosyl group
is similar to that observed in the ‘open’ form of MCM [12],
with the adenine approximately above the methine bridg-
ing corrin rings A and B. When modelled into the Glm-CN
crystal structure, this conformation results in steric clashes
with the c-acetamide sidechain on ring B of the corrin
moiety and with residue Arg1066, which is located approx-
imately above ring B. Other close contacts occur with
residues Met1294, Lys1326 and Glu1330, located above
corrin rings A and D. It is tempting to imagine that in the
absence of bound tartrate, the two sidechains above corrin
ring B could swing away from their positions observed in
the crystal structure and assume a conformation now pro-
hibited by the substrate analogue. In fact, the reverse of
this process might constitute an attractive mechanism that
explains how substrate-binding energy is utilized to initi-
ate or facilitate Co–C bond homolysis. This mechanism is
analogous to that suggested for MCM [12].  
The step following generation of the 5′-desoxyadenosyl
radical is the abstraction of a hydrogen atom from a sub-
strate molecule. The observed tartrate molecule is topologi-
cally and stereochemically equivalent to the reaction
product (2S,3S)-3-methylaspartate, assuming that one of
the tartrate’s hydroxyl groups is equivalent to the methyl
and the other one to the ammonium function of the product
(see Figure 4c). If the methylaspartate is superimposed on
the tartrate in such a way that the ammonium group forms
hydrogen bonds to the Tyr1177 hydroxyl group and to the
His1150 mainchain carbonyl, then the methyl group points
approximately towards the cofactor and would be ideally
positioned for hydrogen abstraction by the 5′-desoxyadeno-
syl radical, or the reverse hydrogen recovery. 
For the rearrangement step following the generation of a
substrate-derived radical to yield the product-related
radical, a fragmentation–recombination sequence was orig-
inally suggested by Golding [37–39]. This mechanism was
recently revived on the basis of new experimental evi-
dence [40]. While this does not exclude the possibility of
an associative mechanism involving a cyclic intermediate,
the dissociative mechanism would profit from the tight
binding of the substrate at both carboxylate ends in order
to prevent diffusional separation of the two transiently
formed fragments. In any case, tight binding is also man-
dated by the high reactivity of all radicals generated
during the reaction sequence in order to prevent false
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Figure 8
Surface representation of the B12- and tartrate-binding region. Channel
1 runs from the tartrate molecule to the bottom right, channel 2 from
above the corrin ring to the left, and channel 3 (not visible) would run
from above the centre of the corrin ring into the picture. (The molecular
surface was calculated with the program MSMS [59].)
products. This has been stressed some time ago in Rétey’s
concept of ‘negative catalysis’ [4]. 
Recently, electron paramagnetic resonance (EPR) spectra
of Glm in the presence of substrate were simulated by an
assumed interaction of cob(II)alamin with an organic
radical at a distance of 6.6 ± 0.9 Å [41]. The agreement
with the crystallographically observed average distance of
6.64 Å between the tartrate–OH (occupying the location
of the product’s methyl group) and the cobalt centre is sat-
isfying. As any mechanism involving a participating role
for the reduced B12 cofactor during the substrate
rearrangement steps would be hard to reconcile with the
present structural evidence, it appears that the B12 cofac-
tor is a mere spectator of this part of the reaction cycle. 
Biological implications
Mutases that contain a B12 cofactor catalyze a set of
chemically unusual rearrangement reactions. Binding of
the substrate is known to initiate cleavage of a weak
bond between the cobalt atom of the B12 cofactor and its
adenosyl ligand to yield a 5′-desoxyadenosyl radical. This
radical then abstracts a hydrogen atom from the sub-
strate, which subsequently rearranges to yield a
‘product-related’ radical. The high reactivity of all
reaction intermediates puts very specific demands upon
the enzyme: whereas most other enzymes accelerate a
chemical reaction via transition-state stabilization,
enzymes like glutamate mutase (Glm) initiate radical for-
mation and subsequently have to prevent the highly
reactive radical intermediates from entering into
unwanted side reactions (‘negative catalysis’) [42].
The crystal structure of inactive recombinant Glm
shows close similarity to the structure of methylmalonyl
CoA mutase (MCM). While the similarity between the
B12-binding subunits of these two proteins was previ-
ously predicted on the basis of sequence [22], only poor
sequence similarity was seen between the substrate-
binding subunit of Glm and the corresponding TIM-
barrel domain of MCM. The observation of a similar
TIM-barrel subunit in Glm was therefore unexpected.
Both structures also contain a long Co–NHis bond,
which appears to be the result of an elongation of the
bond in the reduced cofactor and probably contributes to
a weakening of the Co–C bond in the coenzyme.
A remarkable feature of the structure of Glm is the mode
of binding of the tartrate ion, which is attached to its
binding site via 14 hydrogen bonds to arginine, glutamate,
tyrosine and threonine sidechains as well as to an
occluded water molecule. These strong interactions
suggest how binding of the substrate initiates the sequence
of radical reaction steps by displacing several sidechains
located near the substrate-binding site. The displaced
sidechains interfere sterically with the 5′-desoxyadenosyl
ligand and weaken its cobalt coordination. Following
homolysis of the Co–C bond and abstraction of a hydro-
gen atom from the substrate by the 5′-desoxyadenosyl
radical, the tight binding ensures a controlled course of the
radical rearrangement, possibly involving transient frag-
mentation of the substrate [40]. 
Materials and methods
Crystallization and characterization of the crystals
Recombinant C. cochlearium Glm was overproduced and purified as
described previously [23]. Crystals of Glm were obtained by the
hanging-drop technique: drops of 4 µl containing 3.5 mg/ml protein,
2 mM CdCl2, 5 mM (2S,4S)-4-fluoroglutamate and 2.5 mg/ml B12
(cyano- or methylcobalamin) in 10 mM Na cacodylate buffer (pH 7.5),
were mixed with 4 µl reservoir solution containing 6% (w/v) PEG 4000
and 100 mM DL-tartaric acid, adjusted to pH 4.6 with NaOH. Crystals
grew in several days to a size up to 0.4 × 0.4 × 0.03 mm and
0.3 × 0.2 × 0.05 mm for Glm-CN and Glm-Me, respectively. During
protein purification, recombination and crystallization, millimolar con-
centrations of dithiothreitol (DTT) were added to all solutions to prevent
oxidation. All purification and crystallization steps involving Glm-Me
were performed under red light to prevent photolysis of the Co–C
bond. This precaution was somewhat relaxed for the frozen crystals. 
Data collection
All diffraction experiments were carried out at cryogenic temperatures,
crystals were soaked briefly in a solution containing 6% PEG 4000,
31% glycerol and 100 mM DL-tartaric acid (pH 4.6) and flash cooled in
liquid nitrogen. The monoclinic crystals (see Table 2) contain one het-
erotetrameric molecule of composition ε2σ2(B12)2 per asymmetric unit. 
The native data of the Glm-CN set was collected at the European Mol-
ecular Biology Laboratory (EMBL) beamline X11 in Hamburg, Germany.
MAD data sets for two derivatives were collected on beamline BM14 at
the European Synchrotron Radiation Facility (ESRF), Grenoble, France.
The mercury derivative was prepared by soaking a crystal in 0.5 mM
mercury[(o-carboxyphenyl)thio]ethyl sodium salt (thimerosal) for 51 h, the
crystal for the gold derivative was soaked in 0.5 mM potassium
dicyanoaurate for 20 h. All data were recorded on MAR345 imaging-plate
detectors. Data collection statistics are given in Table 1. The images were
integrated with the program DENZO [43], the following scaling and pro-
cessing steps were performed with the CCP4 [44] program suite.
The crystals of Glm-Me are essentially isomorphous to Glm-CN (Table 2).
Data were collected at the EMBL-DESY beamline X11 in Hamburg and
were processed using DENZO and SCALA. Details are given in Table 2.
Phasing
Positions of heavy-atom sites for the two different derivatives were
determined using isomorphous and anomalous difference Patterson
and difference Fourier techniques. The program MLPHARE [44] was
used for heavy-atom position refinement and protein phasing from four
mercury and two gold sites. Density modification was performed with
DM [45] using noncrystallographic averaging. All reflections between
30.0 and 1.6 Å were included in the phasing process. The MIRAS
electron-density map was readily interpretable and the mainchain trace
was build into the density using the program wARP [46]. wARP
managed to trace 98% of the mainchain starting only from the native
data amplitudes, MIRAS phases and from the DM output.
Model refinement and validation
Refinement was first carried out for the Glm-CN structure. Manual correc-
tions of sidechain conformations and building of parts missing in the
wARP model were carried out with the program O [47]. The structure was
refined against F2 with the program SHELXL-97 [48]. The R factor of the
starting model was 0.427 for all data between 30.0 and 1.6 Å resolution.
For the calculation of Rfree [49], 10% of the reflections were set aside and
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were not used for the refinement. These reflections were selected in thin
resolution shells in order to reduce the bias from noncrystallographic sym-
metry [50]. 1,2- and 1,3-distances (bond lengths and bond angles) in
amino acid residues were restrained with effective standard deviations (σ)
of 0.02 Å and 0.04 Å to values that are equivalent to bond lengths and
angles contained in the Engh–Huber set of parameters [51]. 1,4-dis-
tances (torsion angles) were not restrained. Antibumping restraints were
used to avoid close contacts of atoms that are separated by at least four
bonds. In general, planarity restraints were applied with a σ of 0.1 Å3
(chiral volume), while a larger σ (0.5 Å3) was used for peptide groups. Indi-
vidual isotropic displacement parameters (U instead of B values,
B = 8pi2U) were refined for all nonhydrogen atoms and were restrained to
be similar for atoms close in space (σ = 0.07 Å2, 1.7 Å cut-off).
Noncrystallographic symmetry (NCS) was imposed by restraining
NCS-equivalent 1,4-distances (with a σ of 0.04 Å) and the B factors
of related atoms. These restraints were only applied to those main-
chain and sidechain torsion angle pairs that differed by less than 30°
in an unrestrained refinement. This list was frequently updated during
the refinement. 
After initial refinement, the B12 cofactors and and one (S,S)-tartrate
molecule per subunit could be built into unambiguous difference
density maps. Distance restraints for the B12 moiety were generated
from the coordinates of aquocobalamin perchlorate [52].
In the later stages of refinement, water molecules were added using
the programs SHELXWAT [48] and wARP [46] and were refined
using antibumping restraints. Anisotropic scaling tensors [53] and
bulk-solvent corrections [54] were applied. Anisotropic displacement
parameters were refined for the two cobalt atoms. The model includes
alternate sidechain conformations for seven residues.
Inspection of the model at each refinement stage involved the genera-
tion of σA-weighted [55] 2Fo–Fc and Fo–Fc maps. In the terminal refine-
ment cycles, water molecules with B factors larger than 65 Å2 were
discarded. Parameters pertaining to the model quality at the close of
the refinement are given in Table 2.
The structure of Glm-Me was refined with SHELXL-97 following the
same procedure as outlined above using data between 25 and 2.0 Å
resolution. The starting model was a partially refined structure of Glm-
CN, which gave an initial R factor of 0.338 and an Rfree of 0.353.
Details are given in Table 2.
In both structures, more than 94% of the residues have their φ,ψ angles
in the most favoured regions of the Ramachandran plot [56]. Only two
(NCS-related) residues (Leu1219 and Leu3219) are in the disallowed
region and two (His1150 and His3150) are in the generously allowed
regions. In both cases, the density was very well defined, indicating the
refined dihedral angles to be genuine.
Figures (except for Figures 1, 3 and 6) were generated with the pro-
grams MOLSCRIPT [57] and Raster3D [58].
Accession numbers
The coordinates of Glm–CN and Glm–Me have been deposited with the
Protein Data Bank with accession codes 1CCW and 1CB7, respectively.
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